Removal of impurities from Cu metal by Ar and Ar-20%H 2 plasma arc melting (PAM) has been carried out. Several impurities such as Li, Na, Mg, P, S, Cl, K, Ca, Zn, Pd, Pb and Bi in Cu were efficiently removed when only Ar plasma gas was used. Moreover, removal degrees for the above mentioned impurities were significantly increased after Ar-20%H 2 -PAM, especially for K, Zn and Pd. It was found that Ar-H 2 PAM showed an excellent effect to eliminate impurities with higher vapor pressures than that of Cu metal.
Introduction
In ultra-large scale integration circuits, Cu has been used as a substitute for Al because of its high resistance to electromigration and low resistivity. In addition, continuing decrease in feature size of microelectronic devices has enhanced the demand for ultra-high purity copper. The purity of Cu is also very important in fundamental research because of the influence of trace impurities on electrical resistivity, thermal conductivity, ductility and oxidation kinetics. 1, 2) It was reported that the impurities such as Al, S, Cr, Ni, As, Se and Bi were effectively separated during Cu purification by anion-exchange separation and float zone refining of copper under hydrogen atmosphere has resulted in a remarkable decrease of S, Se, Al and Si. 3, 4) Despite of these works, sufficient experimental data as well as detailed impurity analyses on efficient purification processes have not been reported.
Ar-H 2 plasma arc melting (PAM) enabled removal of non-metallic impurities from Fe, Mo, Ta, and V 5, 6) and also metallic impurities from Zr, Nb, Mo and Hf. [6] [7] [8] However, there was no report on the purification of Cu using Ar-H 2 PAM, because, it was considered difficult to refine Cu due to its relatively high vapor pressure compared to that of refractory metals. Therefore, in the present work, the refining of Cu using Ar/Ar-H 2 PAM and its impurity analysis using glow discharge mass spectrometry (GDMS) were carried out for the first time.
Experimental
All experiments were conducted using a laboratory-scale DC arc discharged type plasma torch with a maximum power of 20 kW equipped on a stainless steel vessel (W 200 mm Â L 800 mm Â H 180 mm) and connected directly to a 3 phase AC power mains. A thoriated W cathode with a length of 39 mm including the nozzle (2 mm Â L 5 mm) orifice at the tip was placed in the plasma torch and a specimen mounted on the water-cooled copper crucible was utilized as an anode. The angle of the nozzle portion from the W cathode was 15 to the normal. The system was evacuated to 27 Pa and repeatedly flushed with Ar gas to reduce the trapped gases. During the experimentation, 5.92 kW DC power with 160 A and 37 V was required to ensure a stable arc at Ar-20%H 2 gas pressure. A Cu specimen (W 25 mm Â H 0.8 mm, 31 AE 0:5 g) was loaded on a water-cooled Cu crucible of 45 mm in diameter and 4 mm in depth. High purity Ar (>99:9995%) and H 2 (>99:9999%) gases were mixed and introduced into the plasma torch. The H 2 content in the plasma gas was 20 vol% at atmospheric pressure. Total melting times for each specimen were 20 min and 60 min respectively. GDMS (VG ELEMENTAL 9000) was used for precise analysis of impurity concentrations in Cu specimens before and after PAM. The discharge voltage and current used to obtain plasma were 1 kV and 3 mA, respectively. Impurity concentrations were estimated by repeating measurements several times for each isotope. Oxygen and Nitrogen analyses were performed by an inert gas fusion infrared absorption method using O-N analyzer (LECO TC-436).
Results and Discussions
In PAM process, the vaporization of metallic and nonmetallic impurities from the molten melt is expected to play an important role to remove impurities. The recorded weight loss (%) during Ar/Ar-H 2 PAM was graphically represented as a function of melting time and the result is shown in Fig. 1 . A weight loss of nearly 0.3% was found in Ar-H 2 PAM melting and this value was 6 times higher when compared to the weight loss in Ar PAM. This was attributed to the raise in the molten metal temperature by a few hundred degrees due to the presence of H 2 in Ar-20%H 2 ., 7) which results in a higher vaporization rate caused by the temperature increase of the molten metal. The efforts to measure the surface temperature of the molten copper has proved unsuccessful. It was impossible to measure directly the surface temperature by two color pyrometer because of a high temperature plasma flame on the surface of the molten metal. Therefore, an alternative method to measure indirectly the specimen temperature using a melting point technique was adopted. As preliminary experiments, arc power values required for melting source of refractory metals and their alloys were determined and the relation between the arc powers and their melting points was used as a reference curve to estimate the surface temperature of specimens. These experiments showed that the metal temperature increased with H 2 content in the plasma gas at the atmospheric pressure under a same arc power. For example, at 5.92 kW of arc power, the temperature difference (ÁT) of Ar plasma (T Ar ) and Ar-20% hydrogen plasma (T Ar+20%H 2 ) was nearly 445 AE 5 K, respectively. On the other hand, we could unsuccessfully measure the precise temperature in Ar and Ar-H 2 plasma arc melting due to rapid heat losses by high thermal conductivity of Cu. Figure 2 shows the vapor pressure of main impurities and Cu metal as a function of temperature based on the thermochemical equations.
9) The impurities with higher vapor pressures than that of Cu were expected to be eliminated easily from Cu metal. On the other hand, the impurities such as Ni, Co, Cr, Fe were not separated due to closer and lower vapor pressures than that of Cu. In addition, Al and Si impurities in Cu molten metal cannot be separated easily due to the formation of Al 2 O 3 and SiO 2 inclusions in the starting material itself. 4) GDMS analytical results of the Cu metal purified by Ar/ Ar-H 2 PAM for 20 and 60 min are shown in Table 1 . Other elements in the periodic table except impurities given in table were not detected in the Cu matrix. The results indicate that over all purity of the Cu starting was above 99.9962%. On the same terms, this purity was raised up to 99.9979% after Ar-20%H 2 PAM. A slight increase in oxygen concentration during PAM in Ar for 60 min was due to some unknown contamination during sample treatment. For the description of experimental data, the removal degree, RD(%), of each impurity is defined by eq. (1).
where C i and C f , are the initial and final concentrations, respectively. Since the Li and Na impurity concentrations in Cu specimens before and after melting were close to its respective detection limit of GDMS analysis, it was difficult to clarify its behavior and then these results were omitted from the calculation of removal degree. No significant removal of gaseous (O, N) and gas-forming (C) impurities were found in Ar/Ar-H 2 PAM. Among halogen impurities, Cl was removed very efficiently, whereas the initial concentration of F impurity was so small that we could not find its behavior by Ar/Ar-H 2 PAM. On the other hand, Se and As were not affected in both Ar/Ar-H 2 PAM. Non-metals separation was limited to P and S. Zhu et al. ascribed that S in Cu could be removed by the formation of H 2 S as well as the vaporization of S. 4) In metallic impurities, removal of Zn, Pb, Bi Ca and Mg in Cu were significantly higher. Among transition metals, Pd removal was relatively high. The others like Ni, Co, Cr and Fe have no significant effect in Ar/Ar-H 2 PAM. However, W impurity element has slightly increased from 0.001 ppm to 0.11 and 0.14 ppm after Ar/Ar-H 2 PAM. In the previous work, 10) we have found that W was contaminated from the W-2%ThO 2 cathode used as a plasma torch and it is explained that this contamination could be suppressed by efficient cooling system in the plasma torch. Table 2 shows the RD(%) of each impurity from Cu during PAM with Ar (RD Ar ) and Ar-H 2 (RD Ar+20%H 2 ) gases and the difference in the removal degree, ÁRD ¼ RD Ar+20%H 2 ð%Þ À RD Ar ð%Þ. We classified according to the RD(%) and the difference in the removal degree of each impurity element from Cu during PAM. Figure 3 shows the RD(%) relation of each impurity removed from Cu after Ar/Ar-H 2 PAM. For Ar-PAM, Cl, Ca, Bi and S show a high RD(%), where as the RD(%) of Zn, Pb and Mg was remarkably high for Ar-H 2 PAM. The figure clearly indicated, in general, a higher removal efficiency of impurities by Ar-H 2 PAM when compared to Ar PAM. This means that there was a certain driving force chemically induced by activated hydrogen atoms during Ar-H 2 PAM. Tanaka et al. 11) predicted that the cause for the arc constriction in plasma melting process is not by increased thermal conductivity but by increased Effect of Ar/Ar-H 2 Plasma Arc Melting on Cu Purificationspecific heat (C p ) and thus enthalpy (H). However, when 10% of hydrogen gas was introduced into Ar as an additive gas, there was an increase in thermal conductivity of a factor of 10 at 3000 K. This increased thermal conductivity causes a cooling of the outer edge of the arc and thus a reduced arc cross-section followed by increased magnetic pinch pressure and increased axial plasma flow and thus the enhanced voltage. This voltage enhancement caused by the addition of 10% hydrogen gas probably due to the large maximum in thermal conductivity of hydrogen at the low temperatures when hydrogen molecules dissociate in to atoms. In addition to the enhanced removal efficiency of Mg, P, S, Cl, K, Ca, Zn, Pb and Bi impurities in Cu, the removal efficiency of gaseous impurities like oxygen, carbon and nitrogen was higher when 20% hydrogen gas was introduced in to Ar. This enhancement of RD(%) was attributed to the increase of metal vapor transfer from a melt surface to gas phase by activated hydrogen atoms as well as the increase in temperature of the molten metal due to the higher thermal conductivity of hydrogen.
10,12)
Conclusions
The refining effect of Ar/Ar-20%H 2 PAM for Cu metal and purity evaluation using GDMS were carried out. Excellent removal degree, RD (>90%) for the impurities like Zn, Pb, Mg, Cl, K, S, Ca and Bi in Cu was found using Ar-H 2 PAM. The impurities like K, Zn and Pd in Cu were found to have higher RD(%) in Ar-H 2 PAM compared to Ar-PAM. For Ar-PAM, Cl, Ca, Bi and S impurities show the high RD(%), whereas the RD(%) of Zn, Pb and Mg was remarkably high for Ar-H 2 PAM. In addition to the enhanced removal efficiency of Mg, P, S, Cl, K, Ca, Zn, Pb and Bi impurities in Cu, the removal efficiency of gaseous impurities like oxygen, carbon and nitrogen was higher when 20% hydrogen gas was introduced in to Ar-PAM. The purity of copper increased from 99.9962% to 99.9979(%) after Ar-H 2 PAM due to high RD(%) of impurities with higher vapor pressure than that of Cu metal. Effect of Ar/Ar-H 2 Plasma Arc Melting on Cu Purification
Impurities in Cu

